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Sinmul ati ng Ccean Fertilization
Ef f ecti veness and Uni nt ended Consequences

Ken Cal deira

Nunerical sinmulation can throw sone fresh |ight on the idea of ocean fertil

Anal ysis of the | S92A | PCC scenari o shows that, by the end of this century,
stabilize climate at only a two-degree warnmng, even if climte sensitivity
end of the acceptable range, approximately 75 percent of all power producti
need to conme from carbon em ssion-free sources. |If climate sensitivity is a
of the accepted range, nearly all of our energy would need to cone from car
em ssion sources to hold global climate to a two-degree warm ng. W can per
the sanme sort of calculation for a range of climte sensitivities and a ran
warm ngs. To achieve stabilization at 2jC for a nmid-range clinmate sensitivi
have to add approxi mately one gi gawatt of carbon-free primary power per da
somewhere in the world.

The nagnitude of this problemis enornous. There is not going to be a single
As ot her speakers have suggested, we need to work on di m nishing energy den
need to work on sequestration and we need to devel op non-fossil sources of

Qur speakers today have al ready di scussed geol ogi ¢ storage and ocean storac
direct injection. Land bi osphere storage has al so been suggested, although
be limted inits anbunts and effectiveness, as well as limted by |and ava
have proposed geo-chemical techni ques, such as accelerating silicate or car
weat heri ng.

One problemwith putting COp into the ocean is that nobody thinks putting CO

ocean is good for the ocean. W may want to do it if it turns out that the
envi ronnment al consequences of putting carbon in the ocean are significantly
t he adverse consequences of putting it in the ocean. It only nmakes sense if
adverse consequences of releasing COp into the environnment

As Peter Brewer pointed out, right now we re already putting two gi gatons
the ocean each year. That works out to sonething |ike five kilograns per da
citizen. At present, we are putting carbon into the atnosphere, which may ¢
significant climte change. But eventually, the ocean will absorb about 80
carbon released to the atnosphere. The idea of ocean sequestration is to put

the ocean deliberately and directly in an effort to avoid gl obal warm ng.
potential of sonme adverse inpacts on the marine environnent, but we at |eas
avoi d nost of the clinmate change.

I think the recognition that we re already sequestering carbon in the ocean
is very inportant. The work that Peter Brewer and JimBarry are doing on th
effects of COp on organisns in the ocean is sone of the nost inportant work

today. If it turns out that that s an inportant concern, it is essential tc
admtting COp to the atnosphere.

I want to talk nostly about sinulations for ocean fertilization, focusing o
options. Ot her options have been proposed--for instance, adding chemicals s
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nitrate and phosphates to the oceans, as well as a set of inorganic stratel
t he carbonate di ssolution idea.

What s the basic idea behind ocean fertilization? As Peter Brewer pointed

exchange between the upper ocean and the deep ocean; the timng of the exch
on the order of several centuries. The upper, mxed layer equilibrates with
at nrosphere, roughly on a tinme scale of a year or so. The basic idea of iron
fertilization is to add iron to the upper ocean, stimnulating increased biolc
i ncreased photosynthetic activity and generating nore organic carbon--renov
the surface. Some of this organic carbon then sinks into the deep ocean. Th
fertilization is to renove carbon fromthe surface ocean, fix the COp as or

and then sink it into the deep ocean. That s just a nostly gravitational sir
particles. Because COp has cone fromthe surface ocean, the partial pressur

t hat surface ocean box has been decreased. That drives a conpensating fl ux
fromthe atnosphere into the ocean, drawing nore COp out of the atnobsphere.

If this is as far as it would go, we d have a permanent sequestration and ¢
woul d be fine. But, tine nmoves on. Wien this organic carbon gets into the d
i s oxidized back to COp. This COp can get m xed back up to the surface ocear

can out-gas back to the atnosphere; then it can actually gas back into the
t he atnosphere, and so on. The COp that went into the ocean over here soneti

out -gas back to the ocean. The ocean serves as a tenporary storage system
about the concept of tenporary storage a little |ater.

A nunber of people have done idealized simnulations using general circulationr
al so schematic nodels on this question. Their sinulations suggest that after
sout hern ocean for a century, it would be possible to store carbon in a rar
gigatons to 250 gigatons. | worked on a highly idealized sinulated fertili ze
with the prem se that, working on everything south of 30 degrees, we could
mcronutrients to the ocean to conpletely deplete the surface nmacronutrient
phosphate. This was done using the Los Al anbs POP nodel. One early discover:
this simulation was that, after only three years, sonme COp had al ready begu

back into the atnosphere. If we conpared 3 years, 30 years, and 300 years,
t hat previously sequestered carbon was | eaki ng back out over nuch of the re¢
ocean. By 300 years, there was significant | eakage in the tropics. There a
for that | eakage. One is that carbon placed in the deep ocean eventually m:
the surface. Another reason is that, along with this organic carbon sent d
deep ocean, we also sent down nutrients, increasing the deep-ocean nutrient
t he expense of the surface ocean. Biological productivity in other parts of
began to dim ni sh.

In this fertilization sinulation, approximately 375 additional gigatons of ¢
in the ocean over a course of 400 years. On this tinme scale, the storage is
of about one gigaton per year. The net flux starts out close to eight gigat
About a century in, there is about one gigaton. By 400 years, there is abou
gi gat on.

My sense is that these are upper boundary nunbers. A real-life effort woul
fertilize the entire ocean south of 30 degrees. The areas that are fertiliz
probably not performup to maxi mum possibilities. It is inportant to underst
fertilization, insofar as it works and is environnmentally and politically a
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t hese things that mght becone part of the portfolio of responses. It s not
itself to solve the problem

Earlier | nmentioned that as we continue fertilizing, we start noving phosph
away fromthe upper ocean. Thus, the effectiveness of the iron fertilizati
over time as the surface ocean runs out of nmacronutrients. In addition, the
carbon to the added exports fromthe surface ocean to the deep ocean decre
ti me, because previously stored carbon is |eaking back into the atnosphere.

What is the residence time of carbon in the ocean? The ocean |likes to trans
al ong surfaces of constant density. The density is controlled by tenperatur
surfaces outcrop at the colder Poles. There are surfaces in the deep ocean
wel |l ventilated. Even though nore organic carbon is being transported, nore
retai ned down there; whereas in other parts of the ocean, when COp is depo:

amount slips back into the atnmosphere nmuch nore quickly.

We can ask how ocean carbon sequestration changes all owabl e em ssions by
cal culating the net pros and values as functions of a discount rate and ass
price trajectory. Wth a zero discount rate, there is no tine preference, a
no poi nt doing ocean fertilization because you re not discounting future va
shoul d | ook at the discount rate mnus the em ssion cost--because we could
percent discount rate but the cost of carbon em ssions could rise at the re
so that, once again, we gain nothing. Taking the range of discount rates th
typically in business, we would have to initially sequester three gigatons
at .33, in order to get one gigaton of carbon s worth of sequestration valtl
words, we take roughly a factor three for the fact that this is not a pern
sequestrati on.

In one simulation, organic carbon that sank into the deep ocean oxidi zed, cc
anbi ent di ssol ved oxygen in the water colum. | found that after 300 years,
formed in the nodel ocean that had severe oxygen depl eti on--suggesti ng poter
t o oxygen- breat hi ng organi sns.

G een Sea Ventures estimates that the cost of iron fertilization would be $
ton. But because it is a tenporary sequestration, we mnmust al so consider tha
necessary to nmultiply the cost by an approximate factor of three to get the
val ue. Macronutrient strategies are considerably nore expensive. There are

suggestions that ships could just dribble along sone iron to conpensate for
CO adnmitted by ships.

A nodel is helpful for trying to understand the conceptual situation, but a
better than the basic know edge that went into it. There are many, many unk
of this. W still don t know to what extent adding nutrients to the surfact
stinmul ate marine production of organic carbon and how that varies from envi
environment. Al though, we re naking progress in that area, we re not sure,

carbon production is increased, what fraction of that will sink to the dee
organi ¢ carbon that sinks to the deep ocean, sone carbon can nix up from be
sonme COp can cone fromthe top. A deficit in the surface ocean may al so be r

Exactly how much a flux of COp fromthe atnosphere will conpensate for this
flux is also unclear, as it is unclear how deep the COp will sink in differ

before it is oxidized. Once it is oxidized, it is also unclear exactly how
down there before it cycles back up to the surface. There are al so sone di:
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although I think I know the right answer, for how to properly account for
gas seen in de-gassing situation.

If all the COp that has been sequestered eventually | eaks back into the atm
all we are really doing is just tine-shifting em ssions. W re putting it ir
| eaki ng out 100 years from now, or 200 years from now. How can we say what
value of time-shifting an emssion is? It s not sinply econonics. One reasor
emssions is to make tinme to invent new, carbon-em ssion-free energy techno
Reduci ng em ssions, in the short term mght be worth doing in anticipation
t echnol ogi es comng on line in the long term
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